Phage LL-H-induced cation (K +, Na +, Mg 2÷, Ca z÷, Cd 2+) movements in Lactobacillus lactis bacteria have been studied. The effects of the m.o.i, and external cation concentration have been quantified. LL-H-induced effluxes showed cation specificity: K+ but practically no Mg 2÷ was lost during LL-H infection at low and moderate m.o.i. (up to about 100). Simultaneously to K + efflux, divalent cation influxes were observed. These were dependent on the m.o.i, and on concentrations of external divalent cations and were concomitant with phage DNA transport, as concluded from the timing of the first phage-promoted biochemical changes in host cell metabolism and from electron microscopical observations. Host energy was not mobilized with phage-induced divalent cation influx. Several features of divalent cation influxes support the view that divalent cations have to be cotransported into the cell as counterions of LL-H DNA. Phage DNA associated with divalent cations may be the basic feature of the divalent cation dependence of LL-H infection.
INTRODUCTION
Cation fluxes across the cytoplasmic membrane accompany various virus infections. This is the case for both prokaryotic and eukaryotic cells (Silver et al., 1968; Impraim et al., 1980; Micklem et al., 1984; Pasternak & Bashford, 1985) . The most extensively studied infection systems involve coliphages (Silver et al., 1968; Ponta et al., 1976 , Wagner et al., 1980 Keweloh & Bakker, 1984a, b; Kuhn & Kellenberger, 1985) . However, there is no consensus of opinion concerning the roles of cation movements during phage DNA transport across the plasma membrane, and the mechanism and energetics of the transport process itself. This is partly because of conflicting results from different coliphage systems and partly because few studies have approached the problem of cation movements quantitatively (Keweloh & Bakker, 1984a, b) .
Many bacteriophages have been reported to require divalent cations, usually Ca 2+ and/or Mg 2+ for successful infection. This requirement could be associated with different steps of the infection cycle such as phage adsorption, penetration of the nucleic acid and intracellular phage development (Rountree, 1955; Watanabe & Takesue, 1972; Snipes et al., 1974; Steensma & Blok, 1979; Karnik & Gopinathan, 1980; Landry & Zsigray, 1980; Nagaraja & Gopinathan, 1980) . Phage LL-H also shows a strict requirement for external divalent cations for successful infection of its Gram-positive host, Lactobacillus lactis (Alatossava et al., 1983) . The molecular basis of this requirement is not yet understood. In order to characterize this aspect of the LL-H infection in more detail, we studied the phage-induced cation movements in L. lactis as a function of the m.o.i, and with different cations in the medium. The results presented here suggest that LL-H DNA is transported into L. lactis together with divalent cations as counterions. This feature might explain, at least partly, the divalent cation dependence of LL-H infection.
Present address: Department of Genetics, University of Oulu, SF-90570 Oulu, Finland. (Adams, 1959) . LL-H was grown on L. lactis LL23 as described earlier (Alatossava & Pyhtil~i, 1980) . For following intracellular progeny phage production, infected cells were lysed by chloroform treatment before plating.
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Phage purification. LL-H was concentrated using polyethylene glycol (PEG, mol. wt. 6000), further purified by CsC1 centrifugation as described earlier (Alatossava, 1982) and dialysed against buffer (5 mM-Tris-HC1 pH 6-8, 10 mM-MgC12) at 4 °C. For long term storage, phage preparations were left in CsCI and dialysed prior to use. Determination ofm.o.i. The m.o.i, is the average number of infective virus particles adsorbed per host cell. A standard procedure for determining the m.o.i, is the measurement of the number of bacteria by viable colony counts before and after the virus adsorption period. We could not apply this method, because L. lactis is a chainforming bacterium. An alternative method was based on the determination of survival (B/B0, the proportion of survivors (B) relative to all cells (B0) present at the moment of infection), which is dependent on the m.o.i. (m) according to the Poisson distribution : B/B 0 = e -m. In our system we had to estimate the survival (B/Bo) by the drop in OD600 of the infected bacterial cultures after lysis.
Determination of cellular cation content of L. lactis. A filtration method described previously (Kuhn et al., 1983) was employed. Samples of 2 ml were withdrawn and deposited on a membrane filter (GSWP, 0-22 ~tm; Millipore) by suction. The cells were washed with 4 ml of a prewarnled (37 °C) wash solution, which was isotonic with the growth medium: 50 m~-LiC1 and 0.2~ glucose plus sucrose to reach an osmolality of 500 mosM (measured with a Knauer osmometer). The pH of the wash solution was adjusted with l mM-HC1 to 6.0 before use. The washed cells on the filter were disintegrated in 5 ml of l M-HNO3 for 30 rain at room temperature. The solution was analysed for K ÷, Na +, Mg z+, Ca ~÷ or Cd -'÷ with an Unicam SP2900 atomic absorption spectrometer.
For the dry weight determination ofL. lactis, a 20 ml sample of bacterial culture in MRS and in the exponential growth phase was withdrawn and the cells were pelleted at 8000 g (Sorvall, rotor type SS34) for 12 min at 4 °C, washed once with the isotonic wash solution (pH 6.0) and resuspended in 20 ml of this solution. The cell suspension was mixed with 4 ml of ice-cold 100~ TCA (w/v) solution. After 2 days at 4 °C the precipitate was collected on a glass fibre filter (GF/C, Whatman) by suction and washed twice with 10 ml water, twice with 10 ml 80~ ethanol, and finally twice with 10 ml absolute ethanol. The filter with cell deposit was air-dried overnight at 37 °C and the increase of mass by cell deposit was measured with an analytical balance (Mettler H64). The detailed procedure and discussion of the dry weight determination are as described by Moncany (1982) . This method has also been reported by Kuhn et al. (1983) . The following relationship between the OD of a L. lactis culture and the dry weight of cells was obtained and further applied : one OD6o 0 unit ofL. lactis culture corresponds to 0-38 + 0-09 (n = 6) mg dry weight per ml of culture.
45Ca2+ incorporation experiments. For calcium transport studies, 4sCa 2÷ was employed. After the bacterial culture had reached an OD600 of 0.15 to 0.18, 4sCaCl2 was added to a final activity of about 2 jaCi/ml. After about 1 h the experiments were started, when an OD6oo of 0.27 to 0.30 was reached. At different times, samples of 1 ml were withdrawn, deposited on a GSWP filter (0-22 jam, Millipore) by suction and washed with 4 ml of prewarmed (37 °C) 20 mM-CaClz MRS medium. The filters were air-dried for 1 h at 45 °C, immersed into 10 mI Insta-Gel (Packard) scintillation fluid, and assayed for radioactivity in a scintillation counter (Packard Tri-Carb).
Determination of DNA, RNA and protein synthesis. Continuous incorporation of [3H]thymidine (5 jaCi/ml),
[3H]uridine (5 jaCi/ml) and 14C-amino acids (0.7 laCi/ml) into TCA-insoluble material was measured in order to follow DNA, RNA and protein syntheses, respectively. Bacterial samples of 0.5 ml were mixed with 1 ml of icecold 8~ TCA 1 M-NaC1 solution. After 1 h on ice and overnight at 4 °C, the precipitates formed were collected on glass fibre filters (GF/C, Whatman) and washed with 10 ml of ice-cold 8 ~ TCA-1 M-NaCI solution. Filters were air-dried for 1 h at 45 °C and assayed for radioactivity as described above.
Chemicals. Radioactive preparations of CsCaClz (20 mCi/mg Ca), [3H]thymidine (55 Ci/mmol), [~H]uridine
(45 Ci/mmol) and ~4C-amino acids mixture (55 mCi/mAtom) were purchased from Amersham. A divalent cation ionophore, A23187, as a Ca/Mg salt, was purchased from Calbiochem, valinomycin from Serva (Heidelberg, F.R.G.), carbonyl cyanide-m-chlorophenyl hydrazone (CCCP) from Sigma and N,N'-dicyclohexylcarbodiimide (DCCD) from Merck.
RESULTS

The effect of m.o.i, on phage-induced cation movements
Phage LL-H requires 20 to 40 mM-Ca 2÷ or Mg 2÷ for an optimal infection when measured by e.o.p. (Alatossava et al., 1983) . The optimal concentrations of Ca 2÷ and Mg 2+ ions for 100. Samples were withdrawn and the optical density (dotted line) was followed until lysis was complete.
adsorption of LL-H were five-to tenfold lower than those for optimal e.o.p. This suggested that additional divalent cation-dependent step(s) might be involved in the infection cycle after phage adsorption. In order to check this hypothesis we studied LL-H-induced cation movements in L, lactis during the infection cycle. phage multiplication and of phage-promoted cell lysis seems to be correlated with cellular Mg 2+ loss, although this does not necessarily mean that these features are causally related. No 'lysis from without' could be promoted by any of the m.o.i, tested (up to 1000). For analysing the Ca 2+ movements the ~sCa 2+ isotope technique was found to be more sensitive than determinations by atomic absorption spectrophotometry (AAS). Fig. 2 shows the strong m.o.i, dependence and the tight interdependence of K ÷ and Ca 2+ movements across the membrane during the phage infection cycle in the presence of high external Ca 2+ concentrations. The K + and Ca z+ fluxes occurred simultaneously but in opposite directions: Ca 2÷ ions reached the interior of the cell during the first 10 to 15 rain after addition of LL-H. Later, Ca 2+ ions were excreted at the time when K + ions were taken up. Because of the lower sensitivity of the method, higher multiplicities had to be used when the cellular Ca 2+ content was measured by AAS. At an m.o.i, of 200, the cellular Ca 2 + content had increased by about 500 nmol/mg dry weight at 20 rain after infection. This increase was about threefold higher than the Ca 2+ influx of 150 nmol/mg dry weight that can be induced by the divalent cation ionophore A23187 at identical external Ca 2+ concentration and pH. This ionophore permeabilizes biological membranes specifically for divalent cations (Reed & Lardy, 1972) . This amount of Ca 2+ influx suggests that the phage-induced Ca 2÷ movement is not simply a passive diffusion across the cell membrane but rather some kind of active Ca 2+ transport into the cell.
Effects of variable divalent cation environment on phage-induced cation movements
The optimal external Ca 2+ concentration for high e.o.p, was 20 rn~ or more, although 5 mr, lCa 2+ was enough for optimal phage adsorption. Consequently, we measured cation movements after phage infection at a given m.o.i, in the presence of 5 mM and 20 mi external Ca 2+ (Fig. 3) . The K + loss was about 2.5-fold greater in the presence of 5 ram external Ca z+ than with 20 mMCa 2+. The relative increase of the intracellular "5Ca2+ content, however, was only about onethird. Accordingly, about eightfold more K ÷ ions were excreted when Ca 2+ was brought into the cell in the presence of 5 mi external Ca 2+ than with 20 raM-Ca 2+. In neither case was the cellular Mg 2+ content affected by phage infection. Progeny phage production was-about 30~ less with 5 m~i-Ca 2+ than with 20 m~-Ca 2÷ in the medium. These results also confirm that 5 mM external Ca 2+ is sufficient to promote adsorption of LL-H as effectively as 20 mM external Ca 2÷. Furthermore, a transient reduction of the intracellular K ÷ level to one-half did not significantly affect progeny phage production and the rate of cell lysis (Fig. 3 a) .
Mg 2÷ is known to substitute for Ca 2÷ during LL-H infection (Alatossava et at., 1983) . We infected L. lactis with LL°H at various multiplicities in the presence of 20 mt, l-MgCl2 and followed the cellular K ÷, Na + and Mg 2+ contents by AAS. In this case we observed Mg 2+ influx immediately after infection. Accumulation of Mg 2+ was proportional to the m.o.i. (Fig. 4) . Results with a high m.o.i, suggested that Mg 2+ may move into the cell against a Mg 2÷ concentration gradient: the Mg 2÷ content in bacteria infected with phage at an m.o.i, of 100 increased transiently by a factor of two. Under identical external Mg 2+ concentration and pH, a Mg 2+ ionophore, A23187, induced Mg 2÷ efflux. Later in the infection cycle Mg 2+ was excreted concomitantly with K ÷ uptake, as in the case of Ca 2÷ (Fig. 2 and 3 ). The amount of K ÷ efltux was slightly higher in the presence of 20 mM external Mg 2÷ than with 20 raM-Ca 2+, when an identical m.o.i, was used for infection ( Fig. la and 4a) .
We have shown that both Ca 2÷ and Mg z+ accumulated in the cells shortly after infection (Fig.  2 to 4) . If Ca 2÷ and Mg2 ÷ movements were due only to passive diffusion caused by a phageinduced partial collapse of the membrane potential, then these movements would only be a function of the external concentrations of these ions. However, results from competition experiments with Ca 2+ and Mg 2+ showed interdependence: Ca 2+ and Mg 2+ competed for the same cation transport mechanism in such a way that Mg 2+ had a slightly higher affinity than Ca 2÷ (results not shown).
The basis of the sensitivity of LL-H-infected L. lactis to cadmium
Among 10 different divalent cations screened, only Cd 2+ showed a marked decrease of the plating efficiency. It occurred at external Cd 2÷ concentrations only slightly inhibitory for uninfected L. lactis (Alatossava et al., 1983) . In order to investigate whether the sensitivity of LL-H-infected L. lactis to cadmium was associated with a phage-mediated Cd 2÷ movement, we measured by AAS the cellular Cd 2÷ contents after infection. These experiments showed that LL-H-infected L. lactis bacteria incorporate Cd 2+ in much higher amounts than uninfected cells (results not shown). Furthermore, after a rapid Cd z+ influx period, Cd 2+ excretion occurred simultaneously with K ÷ uptake, showing an analogy with the behaviour of Ca 2+ (Fig. 1 to 3 ) and Mg z+ (Fig, 4) . Cd 2+ movements across the plasma membrane therefore seem to be based on the same mechanisms that govern Ca 2+ and Mg 2+. Thus, much higher intracellular Cd 2+ concentrations and consequently more drastic CdZ+-mediated inhibitory effects [e.g. lysis inhibition and lowered e.o.p, of LL-H as described by Alatossava et al. (1983) ] would be expected.
Correlations of phage-induced cation movements with other phage-mediated processes during the infection cycle
The transmembrane movements of Ca 2÷, Mg z÷ and Cd 2+ ions had many common features in the early phases of LL-H infection: in the first minutes after infection, a rapid influx of these cations occurred at rates depending on the m.o.i. Concomitantly a K ÷ efflux occurred (Fig. 1 to  4) . The timing of these phage-induced cation movements is in agreement with phage adsorption kinetics (about 95~o of phages adsorb in 5 min under our conditions). In order to correlate the cation movements with phage-induced biochemical changes, we followed the synthesis of RNA, DNA and proteins during the infection cycle of LL-H. About 10 rain after LL-H-infection, the rate of net synthesis of RNA was drastically reduced (results not shown). Accordingly, the K ÷ efflux and divalent cation influx had levelled off before the reduction of the rate of RNA synthesis. The effect of phage infection on RNA synthesis was not caused by K ÷ loss or divalent cation influx as it was independent of m.o.i. LL-H DNA transport is presumed to occur before expression of the first phage-specific early functions (e.g. the functions resulting in the reduction of the rate of synthesis of total RNA), concomitantly with the influx of divalent cations. This is consistent with electron microscopical observations (data not shown): in a negatively stained sample taken l rain after LL-H infection about 75~ of the adsorbed phage particles still contained DNA but practically all the adsorbed particles were empty in a sample taken 10 min after infection. At 20 min after infection, the rate of net DNA synthesis increased, suggesting that phage DNA synthesis started at this moment. The rate of total protein synthesis was only slightly affected by infection (results not shown).
The energetics of phage-induced divalent cation movements
Active uptake or excretion of small solute molecules and ions requires energy in a chemical (usually ATP) or in a physical form (proton motive force, PMF, composed of a pH gradient and a membrane potential). We studied the requirement of LL-H-induced Ca 2÷ influx for host energy sources by treating cells with a mixture of energy blockers (the uncoupler CCCP and the ionophore valinomycin for collapsing PMF and the H+-ATPase inhibitor DCCD for depleting cells of ATP) prior to phage infection. Although L. lactis cells were extensively, if not fully, exhausted of energy before phage infection, the phage-induced Ca 2÷ influx was more pronounced than in untreated cells at an identical m.o.i. : the time of onset of the Ca 2÷ influx was unchanged, but twice as much Ca :+ accumulated. Furthermore, the typical Ca 2+ excretion period, starting at about 15 min after infection ( Fig. 2 and 3) , occurred later in energy-depleted cells (about 1 h after infection) and the cellular Ca 2÷ content did not decrease to the level found before infection. We suggest that in this case, the decrease of the cellular Ca 2÷ content does not represent active (host energy-requiring) Ca 2÷ excretion, but rather a slow, passive Ca 2÷ outsidediffusion that occurs following phage-induced intracellular Ca 2+ accumulation.
The LL-H-induced Mg 2÷ efflux in the presence of external Ca 2 ÷, at extremely high m.o.i. (200 or more), is shown in Fig. 1 (b) . In energy-depleted L. lactis the Mg z÷ loss was as complete as in the untreated control cells. This indicates that the energy state of the host cell does not interfere in the interactions of LL-H and the plasma membrane.
DISCUSSION
We analysed the cation movements in Gram-positive L. lactis after phage LL-H infection by •varying the m.o.i, and with various cation environments, in order to test the possible roles of cations in phage infection, particularly in phage DNA transport. The divalent cations Ca 2÷ or Mg 2÷ are essential for LL-H infection (Alatossava et al., 1983) . Ca 2÷ and Mg 2÷ are required for phage adsorption, but they also accumulate in the cell immediately after infection in amounts depending on their external concentrations and the m.o.i. (Fig. 1 to 4) . We conclude that divalent cations are cotransported with phage DNA, as a complex, into the cell. This is based on the following observations. (i) Divalent cation influx occurs during the period in which phage DNA transport is likely to occur: between the onset of phage adsorption and the time of one of the first phage-mediated changes in host metabolism, the arrest of net RNA synthesis. For phage LL55-infected L. lactis Sarimo & Aaltonen (1978) have confirmed that the expression of the early phage genes is necessary for phage DNA replication to start. Phage LL55 is genetically closely related, but not identical to LL-H (unpublished results). On the basis of electron microscopical studies of adsorbed phage particles, we found that DNA disappeared completely from the capsid within 10 rain after infection, which is in agreement with the view of synchronous divalent cation influx and phage DNA transport. (ii) In LL-H infection at high multiplicities, divalent cations accumulate in the cell at higher concentrations than one would expect in the case of passive diffusion. This was shown by experiments with the ionophore A23187 and with energy blockers. (iii) During the influx period, Mg 2÷ ions compete with Ca 2+ ions for the same transport mechanism; for this mechanism these ions show similar affinity differences as those known for their binding to DNA (Rose et al., 1982) . (iv) The simultaneous occurrence of an excretion of divalent cations and of K ÷ uptake (Fig. 2 to 4) , as well as the observed increase of Cd 2+ uptake by phage-infected cells in the presence of external Cd z+ support the view that divalent cation accumulation is the consequence of a real influx and is not a phage-induced increased binding of divalent cations to the plasma membrane and to other parts of the cell envelope.
Our experiments with energy blockers show that host energy sources (ATP and PMF) are not required for the LL-H-induced Ca 2+ influx nor consequently, we suggest (see discussion above), for phage DNA transport. If this turns out to be true, cation gradients across the plasma membrane are not essential for successful LL-H DNA transport. Accordingly, the energy for this transport is either delivered by phage DNA itself (e.g. decondensation) or by phage DNA interactions with cations and plasma membrane, but not by the host energy sources. This view is in agreement with the results of many recent studies (Filali Maltouf & Labedan, 1983; Furukawa et al., 1983; Letellier & Labedan, 1984) .
It is reasonable to assume the existence of some kind of transmembrane channel or pore as a mediator of phage DNA transport (Grinius, 1980; Keweloh & Bakker, 1984a, b) . We accept this model also for the case of LL-H. Our unpublished results concerning the chemical nature of the LL-H receptor suggest that the phage primary receptor (the LL-H-inactivating component of the host cell) is not a constituent of the host plasma membrane but a constituent of the cell wall structures. Consequently, it is probable that this phage receptor is not the pore-former for observed cation fluxes. The proposed channel or pore appears to be restrictive with regard to the chemical nature of the effiuxing intracellular cations: K + ions, but not Mg z + ions were lost when an m.o.i, of less than 100 was used (Fig. 1) . Of course one cannot exclude the possibility that K ÷ effiux is mediated by bacterial K + pumps as a regulatory response for the phage DNA transport process. Our results of cation movements are in agreement with the results recently presented by Keweloh & Bakker (1984a, b) concerning phage T1. Progeny phage production is not seriously disturbed by cellular K + losses involved in LL-H infections at an m.o.i, of less than about 100. During the proposed LL-H DNA transport phase the cellular Ca z÷ or Mg 2+ content increased 2.5 or 1.4 nmol/mg dry wt. per adsorbed particle when 20 msl-Ca 2+ or Mg ~+, respectively, was present in the growth medium. At the same time, the cellular K ÷ losses were about 7 and 10 nmol/mg dry wt. per adsorbed particle, respectively ( Fig. 1 and 4) . Accordingly, about three and seven K + ions were lost for each Ca 2+ or Mg 2+ ion transported into the cell, respectively. Tb.e K ÷ loss was increased about eightfold when 5 mM-Ca 2+ instead of the 20 m~l-Ca ~+ in the surroundings was present (Fig. 3) . This indicates that the K ÷ loss is not a consequence of the regulation of cellular turgor pressure, but rather depends on the variation in efficiency of phage DNA transport, which is affected by external divalent cation composition.
We conclude that many features of divalent cation movements observed during the early phase of the LL-H infection cycle in L. lactis are best explained by assuming the existence of a divalent cation-phage DNA complex during phage DNA transport across the bacterial plasma membrane. A complex of phage DNA and divalent cations may be essential for its transport into L. lactis and accordingly could explain the observed divalent cation dependence of LL-H infection (Alatossava et al., 1983) . However, we cannot yet exclude the possibility that some other reaction(s) involved in LL-H adsorption and phage DNA penetration also requires high external divalent cation concentrations for optimal activity.
